Stimulant and norepinephrine (NE) reuptake inhibitor medications have different effects at the neuronal level, but both reduce symptoms of attention deficit hyperactivity disorder (ADHD). To understand their common physiologic effects and thereby gain insight into the neurobiology of ADHD treatment, we compared the effects of the stimulant methylphenidate (MPH) and NE uptake inhibitor atomoxetine (ATX) on inhibitory and excitatory processes in human cortex. Nine healthy, right-handed adults were given a single, oral dose of 30 mg MPH and 60 mg ATX at visits separated by 1 week in a randomized, double-blind crossover trial. We used paired and single transcranial magnetic stimulation (TMS) of motor cortex to measure conditioned and unconditioned motor-evoked potential amplitudes at inhibitory (3 ms) and facilitatory (10 ms) interstimulus intervals (ISI) before and after drug administration. Data were analyzed with repeated measures, mixed model regression. We also analyzed our findings and the published literature with meta-analysis software to estimate treatment effects of stimulants and NE reuptake inhibitors on these TMS measures. There were no significant pretreatment differences or effects of treatment order. Both agents produced a significant increase in facilitation and a decrease in inhibition. Effects of ATX and MPH did not differ significantly. Pooled estimates from published studies show similar results for stimulants and NE reuptake inhibitors. In conclusion, in healthy adults, both stimulant and nonstimulant medications for ADHD decrease cortical inhibition and increase cortical facilitation. Cortical inhibition, shown previously to be abnormal in ADHD, may play a key role producing behavioral pathology.
INTRODUCTION
There are substantial differences in the mechanisms of the stimulant and nonstimulant medications used to treat attention deficit hyperactivity disorder (ADHD). Stimulants like methylphenidate (MPH) act as indirect dopamine (DA) agonists, inhibiting DA reuptake via occupation of the DA transporter (Volkow et al, 1998) . MPH increases DA in striatum, and both norepinephrine (NE) and DA in prefrontal cortex (Bymaster et al, 2002) . Atomoxetine (ATX), a nonstimulant, selective NE reuptake inhibitor (Zerbe et al, 1985) recently approved in the United States for treatment of ADHD, does not increase DA in striatum but, like MPH, increases both NE and DA in prefrontal cortex (Bymaster et al, 2002) . Taken together, the clinical observation that both classes of drugs reduce ADHD symptoms and the experimental observation that both also alter DA and NE transmission in cerebral cortex suggest that these drugs affect a common cortical substrate of ADHD symptoms. Understanding why drugs which act differently on neurotransmitter systems produce similar therapeutic effects may yield insight into the neurobiology of ADHD and identify common, important markers of treatment effects.
The objective of this study was a direct comparison, with transcranial magnetic stimulation (TMS), of the cortical effects of two medications used to treat ADHD, a stimulant (MPH) and a nonstimulant (ATX). TMS has been used to study cortical changes in ADHD (Buchmann et al, 2003; Gilbert et al, 2004a; Moll et al, 2001; Ucles et al, 1996) and is sensitive to the effects of many drugs (Daskalakis et al, 2002; Ziemann 2004) , including those affecting monoaminergic systems. TMS is a noninvasive, welltolerated (Garvey et al, 2001) , safe (Gilbert et al, 2004b) , and easily replicated (Gilbert et al, 2005) procedure for studying the physiological state of neural circuits in the human motor cortex. TMS of motor cortex produces a muscle twitch and a compound motor action potential or 'motor evoked potential' (MEP) that can be recorded from muscles and measured. Spinal cord recordings show that MEP amplitude depends on the size and number of the synchronous volleys of action potentials produced in the corticospinal neurons by the stimulus (Nakamura et al, 1997) . The volleys reflect synaptically mediated recruitment and repeated firing of corticospinal neurons (Patton and Amassian 1954) produced by activation of intrinsic motor cortex circuits (Cracco et al, 1999) . Thus, the amplitude of the TMS-evoked MEP is a quantitative measure of the state of neurons and synapses in the motor cortex.
Facilitatory and inhibitory neuronal activity within motor cortex can increase or reduce the MEP amplitude. Intracortical facilitation and inhibition can be measured with paired TMS pulses. The first pulse, with an intensity below the threshold for producing an MEP, 'conditions' the motor cortex output mechanism by activating excitatory and inhibitory inputs to the corticospinal neurons. The second, 'test' pulse produces an MEP, which is either reduced (inhibited) or increased in size (facilitated), depending on delay after the conditioning pulse. Normally, an interval of 2-5 ms leads to a smaller MEP (Kujirai et al, 1993) , a phenomenon termed short interval intracortical inhibition (SICI). SICI is enhanced by GABAergic drugs (Ziemann et al, 1998) , neurosteroids (Smith et al, 2002) , and DA agonists (Ziemann et al, 1996a) . In contrast, intervals of 8-20 ms lead to a larger MEP (Kujirai et al, 1993) (intracortical facilitation; ICF). Although some evidence suggests that SICI and ICF result from independent processes affecting motor cortex (Orth et al, 2003; Ziemann et al, 1996b) , the usual case is that both change together. Thus when a medication increases paired to single pulse MEP amplitude ratios at both short (inhibitory) and long (facilitatory) intervals, this may not indicate two separate effects. It may instead demonstrate the drug affects cortical inhibitory processes measurable to some degree at both short and longer intervals.
Paired pulse TMS studies have consistently demonstrated abnormally reduced SICI in ADHD (Gilbert et al, 2004a (Gilbert et al, , 2005 Moll et al, 2001 ). However, it remains unclear whether reduced SICI in ADHD represents a lesion, as previously suggested (Moll et al, 2000) , or a process compensating for a defect elsewhere. If reduced SICI represents a primary abnormality, it follows that medications that treat ADHD should normalize this response. If reduced SICI indicates a compensatory mechanism, then medications that treat ADHD might augment this response. Although some research suggests that stimulants and DA agonists have heterogeneous behavioral and neurophysiologic effects in normal subjects with differing baseline memory capacities (Kimberg et al, 1997; Mattay et al, 2000) , based on prior research showing that stimulants have similar effects in hyperactive and healthy individuals (Rapoport et al, 1980) , we expected the direction of ADHD medication-induced changes in SICI to be the same in ADHD and healthy subjects.
Several prior studies have shown that MPH changes SICI and/or ICF (Ilic et al, 2003; Kirschner et al, 2003; Moll et al, 2000 Moll et al, , 2003 . The effects of ATX on cortical inhibition and excitation have not been studied previously, but based on its beneficial effect in ADHD (Michelson et al, 2001 (Michelson et al, , 2003 , we hypothesized that its effect would parallel that of MPH.
Finally, to determine whether our findings are typical of stimulants and selective NE reuptake inhibitors, we abstracted the results of published studies of stimulants and another NE reuptake inhibitor, reboxetine (RBX) (Ratner et al, 2005) , on SICI and ICF and generated pooled treatment-effect estimates using meta-analysis methods.
PATIENTS AND METHODS

Subject Recruitment, Diagnosis, Clinical Assessment
Nine right-handed adults, free of medical or psychiatric illness, were recruited through advertisement and scheduled for two visits, separated by approximately 1 week. Women were requested not to schedule visits during the premenstrual or menstrual period . All subjects were examined by a board-certified neurologist (DG). After all procedures were fully explained, all subjects gave written informed consent for the study, which was approved by the Cincinnati Children's Hospital Institutional Review Board.
Study Design and Drug Administration
This was a randomized, double-blind, crossover study to compare effects of ATX and MPH. Subjects were randomized and assigned by the study pharmacist into crossover group 1 (ATX, then MPH) or 2 (MPH, then ATX). In all, 60 mg ATX and 30 mg MPH were prepared in capsules with identical appearance and similar taste. Subjects and investigators were blinded to the order of treatment assignment throughout the study. The 1-week interval was based on published pharmacokinetic data for single doses of ATX (Witcher et al, 2003) and MPH (Kimko et al, 1999; Shader et al, 1999) .
Neurophysiology
Neurophysiological studies were performed in the TMS laboratory at Cincinnati Children's Hospital Medical Center, using a Magstim 200 s stimulator (Magstim Co., New York, NY, USA) connected through a Bistim s module to a 90 mm circular coil. Subjects were seated in a comfortable dental chair and wore 33-db noise reduction-rated earplugs. The coil was placed with its center near the vertex in the optimal position and orientation for producing a MEP in the right abductor pollicis brevis (APB) muscle. This position was marked with a wax pencil and the coil was clamped to a wall-mounted arm to improve the reproducibility of placement. The EMG was recorded from the right APB with surface electrodes, amplified, and filtered (100/ 1000 Hz) (Coulbourn Instruments, Allentown, PA) before being digitized at 2 kHz and stored for analysis using Signal s software and a Micro1401 interface (Cambridge Electronic Design, Cambridge, UK).
In order to establish intensities for single and paired pulse studies, the resting MEP threshold (RMT) and active MEP threshold (AMT) were measured, using a method similar to that described elsewhere (Mills and Nithi, 1997) , by setting the stimulator to 20% of maximum stimulator output and increasing the intensity by 10% increments until a MEP was obtained. The intensity was then decreased in increments of 1% of maximum stimulator output until five of 10 pulses elicited MEPS of 50 mV. The active MEP threshold (AMT) was determined while the subject contracted the APB with auditory feedback to maintain a constant, moderate level of EMG. The stimulator output was decreased in increments of 1% from the RMT intensity until the point at which 10 rectified, averaged stimuli failed to show a MEP above background.
SICI and ICF were measured with the APB at rest, according to established paradigms (Kujirai et al, 1993; Ziemann et al, 1997a) . The test pulse was set at an intensity that consistently produced a 0.5-1.5 mV MEP when delivered alone. SICI was measured with a (1% below AMT) conditioning pulse 3 ms before the test pulse. ICF was measured with the conditioning pulse 10 ms before the test pulse. In all, 20 trials were performed with paired pulses at each of these intervals and with the test stimulus alone. The trial types (3 and 10 ms, test alone) were randomly intermixed and the time between trials was varied randomly by p10% around a mean of 6 s. The EMG traces were inspected visually offline and any showing voluntary activation of the target muscle were excluded from the analysis. SICI and ICF were expressed as the ratios of the mean MEP amplitude produced by the pairs at each interval to the mean MEP amplitude produced by the test pulse delivered alone.
After baseline TMS testing, subjects were administered study medication and all measurements were repeated, beginning 90 min later, consistent with expected peak serum drug levels (Swanson and Volkow, 2003; Witcher et al, 2003) . Each TMS session took approximately 30 min.
A review of systems, and testing of strength, reflexes, mood, mental status, verbal fluency, and finger-tapping frequency were obtained before and after TMS, and subjects were contacted by phone the following day and questioned regarding adverse effects.
Statistical Analysis
All analyses were performed with SAS R version 8.02 (The SAS Institute Inc., Cary, NC, USA).
Exploratory analyses. The distributions of the continuous measures (RMT, AMT, SICI, ICF) were assessed visually for normality. Dispersion of individual trial MEPs was assessed visually, and ratios of both means and medians of individual subject data were calculated. Means and confidence intervals were calculated for raw data.
Regression analyses. SICI, ICF, RMT, and AMT were subjected to a mixed model, repeated measures analysis of variance using PROC MIXED. First, using contrasts, we tested whether baseline measures differed from visit 1 to 2. Next, the effects of ORDER and TREATMENT were compared, and estimates of parameter means and confidence intervals after ATX vs MPH were generated. Final estimates of ATX vs MPH treatment effects were compared after adjusting for each subject's baseline, day-of-treatment measures.
Meta-analysis. MEDLINE literature search in English from 1997 to 2004 was conducted for 'TMS' AND DA OR NE, as well as for classes (eg psychostimulants) and individual names (eg MPH) of drugs. Reference lists were also searched by hand. To be included, studies had to involve healthy adults receiving stimulants or selective NE reuptake inhibitors. Effect sizes were calculated using a mean difference postdrug minus predrug (or postdrug minus postplacebo). The effect of interest for both SICI and ICF was the conditioned to single pulse ratio. Absolute effects were not compared directly across studies because of differences in conditioning pulse intensities and coil types. Target muscles for all studies had to be an intrinsic hand muscle at rest. When possible, from published tables or figures, only the 3 ms interstimulus interval (ISI) was used for SICI comparisons and the 10 ms ISI for ICF comparisons. SD were from the predrug measures. The Comprehensive Meta-Analysis Program (Biostatt Englewood, NJ) was used to generate meta-analysis estimates and figures separately for stimulants and NE reuptake inhibitors for SICI and ICF. Individual and pooled treatment effects were reported graphically, but p-values were not computed for pooled comparisons due to dose differences between studies.
RESULTS
Demographics, Adverse Events, Dropouts
Nine individuals (four women; age 19-35 years, mean age ¼ 2475) participated. No events during this trial required breaking the code, which was kept by the study pharmacy. All subjects attended both visits, but in one subject, technical difficulties invalidated the data from one session. In addition, one subject was nauseated and vomited during one post-ATX session. The post-treatment data from that visit were also excluded. Thus data from 34 sessions were analyzed.
Seven of nine subjects experienced one or more side effects at the visit for ATX (n ¼ 6) and/or MPH (n ¼ 4). Reported side effects after ATX and TMS were: numbness/ tingling (two), weakness (one), loss of appetite (one), tiredness (two), scalp itching (one), nausea (three), and vomiting (one). Reported side effects after MPH and TMS were: headache (two), scalp pain (two), numbness/tingling (one), weakness (one), tiredness (one), nausea (one), hyperactivity (one), and increased energy (one). All side effects were mild and transient, except for one subject with moderate nausea, then vomiting, followed by resolution of nausea.
Neurophysiologic Measures
Observed means and 95% confidence intervals for SICI, ICF, RMT, and AMT are in Table 1 . The mean and7one SE SICI, and ICF for the baselines and post-ATX and -MPH are shown in Figures 1 and 2. Baseline, order effects. There were no significant differences in any pretreatment neurophysiological measures at visit one vs visit two. Although the pre-MPH ICF was lower than the pre-ATX ICF, this difference was not significant (t 7 ¼ À0.47; p ¼ 0.65). There was no significant effect of treatment order.
Treatment effects. Drug treatment increased paired to single pulse-evoked MEP amplitude ratios at both short (F 2,7 ¼ 54.2, po0.0001). and long (F 2,7 ¼ 7.00, p ¼ 0.02) intervals (see Table 1 , Figures 1 and 2 ).
There were no treatment-induced changes in RMT or AMT.
Comparison of ATX vs MPH effects after adjustment for baselines. After adjustment for pretreatment measures, there was a trend toward a greater post-ATX decrease in SICI, but the differences after MPH vs ATX (F 1,7 ¼ 3.98, p ¼ 0.086) were not significant. Also, differences in increases in ICF after MPH vs ATX (F 1,7 ¼ 0.25, p ¼ 0.63) were not significant. Table 2 summarizes studies of dopaminergic and noradrenergic medications and their effects on neurophysiologic measures. Tables 3 and 4 provide estimates of effect sizes for the present study, three additional studies of MPH, and two studies of RBX, a selective NE reuptake inhibitor similar to ATX. Although the summary estimate results cannot be considered precise, there appears in general to be a decrease in SICI and an increase in ICF after either NE reuptake inhibitors or stimulants in healthy adults.
Meta-analysis results.
DISCUSSION
Our results show that MPH and ATX produce similar physiologic effects in cortex of healthy adults. Both ADHD drugs significantly increased paired pulse to single pulse MEP amplitude ratios, thereby reducing SICI and increasing ICF. These shared effects occur despite different pharmacologic actions in striatum (Bymaster et al, 2002) , indicating that both may affect a key cortical target for ADHD treatment. Synthesis of our results and other published data Figure 2 Treatment with ATX and MPH significantly increased the MEP amplitude ratios at the facilitatory, 10 ms paired pulse interval. Intracortical facilitation before and after atomoxetine and methylphenidate.
Cortical inhibitory effects of ADHD drugs DL Gilbert et al demonstrates that the effects of catecholaminergic drugs on SICI and ICF are basically consistent in healthy individuals (Tables 3 and 4) . Thus SICI, and possibly ICF, may be considered markers of both ADHD symptoms (Gilbert et al, 2004a; Moll et al, 2001 ) and treatment effects in healthy individuals. Although we could not measure the response of prefrontal cortex directly, the noradrenergic and dopaminergic systems involved in the genesis and treatment of ADHD are also present in motor cortex. For example, the dopaminergic projection from the ventral tegmental area (Lindvall et al, 1974) terminates on pyramidal cells and interneurons (Sesack et al, 1995) and likely regulates their excitability. Studies in cats (Huda et al, 2001 ) and rodents (Awenowicz and Porter, 2002) have demonstrated reduced excitability in motor neurons, which produce the MEP to TMS, after application of DA. A recent study in monkey prefrontal cortex showed that DA decreases horizontal excitatory transmission in cortical layer 5 by a D1 receptormediated mechanism (Gao et al, 2001) . Such horizontal excitatory connections in the motor cortex are likely involved in the amplification of excitatory signals that results in the MEP after TMS.
The mechanism of the TMS-paired pulse inhibitory effect in cortex has not been studied in animals, but may involve the output of relevant, drug-responsive populations of inhibitory interneurons found in both frontal and prefrontal cortex. Ultrastructural studies suggest that, in primates, DA terminals occur on GABAergic interneurons closely associated with pyramidal (output) cells (Sesack et al, 1998) . Studies of the effects of DA on cortical inhibitory interneurons (Gao and Goldman-Rakic, 2003) show both inhibitory (in nonfast spiking interneurons) and facilitatory (in fast spiking interneurons) effects. Interestingly, DA appears to enhance inhibition of pyramidal neurons by peridendritic interneurons that are thought to modulate the sensitivity of the pyramidal neurons to excitatory synaptic inputs, such as those that might result in TMS-induced firing. In addition, D4 receptor function may be involved in fine-tuning inhibitory function (Gao and Goldman-Rakic, 2003; LaHoste et al, 1996; Mrzljak et al, 1996; Swanson et al, 1998) . Both NE and DA can act as D4 receptor agonists (Lanau et al, 1997; Newman-Tancredi et al, 1997) . Therefore, the substrate appears to exist in both motor and prefrontal cortex for ADHD drugs to act, and SICI in motor cortex may provide a surrogate measure for prefrontal effects.
If, as our findings and the pooled effects in Table 3 suggest, anti-ADHD drugs reduce SICI, then reduced SICI in ADHD may represent a compensatory process rather than a primary abnormality. However, it is necessary to consider other studies which do not seem to support this idea and several possible causes for variation in study results.
First, the only published TMS study of MPH in children with ADHD showed that 10 mg MPH increased SICI (Moll et al, 2000) . The authors interpreted this as showing that MPH 'normalizes' SICI in ADHD children. When, subsequently, these authors found in healthy adults that 10 mg MPH increased ICF but failed to increase SICI , they suggested that MPH exerts opposite effects in healthy adults compared to ADHD children. However, their assessment of the relationship between drug-induced changes in SICI and diagnosis of ADHD is confounded by age. That is, one cannot determine whether the differences in MPH induced changes in SICI are due to diagnosis (ADHD yes/no), as they claim, or to age (child, adult).
A second issue in comparing these studies is dosage. Absence of a statistically significant effect of 10 mg MPH in adults may be because the dose was subtherapeutic. Alternatively, it is possible that at lower doses, MPH may increase SICI, similar to the effect of DA agonists (see Table 2 ) (Ziemann et al, 1996a (Ziemann et al, , 1997b , while at higher doses, MPH may reduce SICI, as we found, perhaps via NE-mediated effects. Dose-ranging studies in ADHD affected and unaffected individuals, and comparisons with more receptor-specific agents, may be needed to clarify this.
Finally, three additional factors are worth mentioning. Variations in paired pulse techniques may contribute to different estimates of drug treatment on SICI and ICF. Study design and choice of statistical analyses may also have played a role. In this regard, we believe the crossover design with pre-and postdose TMS and baseline-adjusted repeated measures statistical analysis that we used is very robust. Bromocryptine 5 mg 5 À NS (Ziemann et al, 1997b) MEP ¼ motor-evoked potential; NS ¼ not significant; 'À' ¼ decreased conditioned/unconditioned MEP amplitude ratios; '+' ¼ increased conditioned/ unconditioned MEP amplitude ratios. Note that when a drug increases ('+') the MEP amplitude ratio at 2-5 ms intervals, this indicates decreased SICI; but '+' at 7-20 ms intervals indicates increased ICF. Similarly, when a drug decreases ('À') the MEP amplitude ratio at 2-5 ms intervals, this indicates increased SICI; but 'À' at 7-20 ms intervals indicates decreased ICF.
Finally, there may be other unmeasured differences in the cohorts of normal individuals involved in these different studies, perhaps involving working memory capacity, such that dopaminergic agents may produce heterogeneous drug-induced changes in cortical physiology (Kimberg et al, 1997; Mattay et al, 2000) . Our study was limited by the lack of a placebo group. However, we doubt this confounded our results, because prior placebo-controlled studies have not shown significant changes in these measures due to placebo or time (Reis et al, 2002; Tergau et al, 2003) . Moreover, time did not influence thresholds (see Table 1 ) and the crossover design means that we had two opportunities to observe prepost time effects, one on each medication, in each subject, and found no evidence of such effects.
A further limitation is that we did not measure drug levels. One prior study failed to find a significant correlation between MPH plasma levels and measures of cortical excitability (Kirschner et al, 2003) . However, we cannot exclude the possibility that regression modeling with drug levels would have increased the precision of the drug-effect estimate. In addition, it should be pointed out that both MPH and ATX are given chronically in ADHD therapy, and all studies to date, including this one, are single dose studies. MPH has first-dose behavioral effects, but ATX may take two to 4 weeks to achieve efficacy. Thus, the cortical effects of continuous ATX therapy await further study.
In conclusion, the results of this study and others in our meta-analysis suggest that TMS-evoked motor cortex inhibition is a consistent surrogate of the ADHD drug treatment responses, as well as ADHD symptoms (Gilbert et al, 2004a (Gilbert et al, , 2005 Moll et al, 2001 ).
